The ability of neural stem cells (NSCs) to transit between quiescence and proliferation is crucial for brain development and homeostasis. Drosophila Hippo pathway maintains NSC quiescence, but its regulation during brain development remains unknown. Here, we show that CRL4 Mahj , an evolutionarily conserved E3 ubiquitin ligase, is essential for NSC reactivation (exit from quiescence). We demonstrate that damaged DNA-binding protein 1 (DDB1) and Cullin4, two core components of Cullin4-RING ligase (CRL4), are intrinsically required for NSC reactivation. We have identified a substrate receptor of CRL4, Mahjong (Mahj), which is necessary and sufficient for NSC reactivation. Moreover, we show that CRL4 Mahj forms a protein complex with Warts (Wts/large tumor suppressor [Lats]), a kinase of the Hippo signaling pathway, and Mahj promotes the ubiquitination of Wts. Our genetic analyses further support the conclusion that CRL4 Mahj triggers NSC reactivation by inhibition of Wts. Given that Cullin4B mutations cause mental retardation and cerebral malformation, similar regulatory mechanisms may be applied to the human brain.
Introduction
The ability of stem cells to switch between quiescence and proliferation is crucial for tissue homeostasis and regeneration. Most adult neural stem cells (NSCs) exist in quiescence, a reversible dormant state, without proliferation or differentiation [1] . In response to physiological stimuli, quiescent NSCs can exit from quiescence and become reactivated to generate new neurons [2] . Whereas excessive reactivation will exhaust the NSC population prematurely, failure in NSC reactivation is associated with neurogenesis deficits and neurodevelopmental and neurodegenerative disorders [3] . However, how NSCs transit between quiescence and reactivation remains poorly understood. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Results

DDB1, the adaptor protein of CRL4 E3, is required for NSC reactivation
To identify novel regulators of NSC proliferation, we carried out a genetic screen on a collection of chromosome 3R mutants induced by ethyl methane sulfonate (EMS) mutagenesis (refer to S1 Text). We isolated two new ddb1 alleles that were henceforth named ddb1 and ddb1
W197
. DDB1 is a core component of CRL4 E3 ubiquitin ligase [20, 21] . ddb1 W197 contains a nonsense mutation (G to T at Glu194) likely resulting in a truncated protein, and ddb1 HK-2-3 has a point mutation (C to T) at position −12 nucleotides from the splice acceptor site of the first intron ( Fig 1A) . To analyze NSC lineage development in these alleles, we generated mosaic analysis of repressible cell marker (MARCM) clones [33] . Whereas all control NSCs positive for Deadpan (Dpn), an NSC marker, were round in morphology (n = 63; n refers to total NSCs in MARCM clones), both ddb1 W197 (14.6%, n = 48) and ddb1 (16.2%, n = 68) mutant NSCs showed a primary cellular process, which is a characteristic of quiescent NSCs [4, 9] (S1A Fig) . Consistent with a previous report that Miranda (Mira) is present in quiescent NSCs [7] , cortical and cytoplasmic Mira were observed in all quiescent NSCs, including their cellular extensions. Therefore, we used a combination of nuclear Dpn and Mira + cellular extension as markers for quiescent NSCs for most of our subsequent analysis.
Consistently, whereas all control NSCs (n = 112) were positive for 5-ethynyl-2 0 -deoxyuridine (EdU), only 23 vived to pupal stage, we henceforth focused our analysis of NSC reactivation using the ddb1 HK-2-3 allele. All NSCs in wild-type (WT) larval brains that were positive for two NSC markers, Dpn and Mira, at 96 h ALH were round (n = 20, t = 1,677; n refers to number of brain lobes, and t refers to total NSCs) and incorporated EdU (n = 20, t = 1,340) (Fig 1B-1D) . However, 16 .8% (n = 20, t = 1,993) of NSCs in ddb1 HK-2-3 extended a cellular process, and only 58.8% of NSCs (n = 20, t = 1,016) incorporated EdU (Fig 1B-1D ). The quiescent NSC phenotype of ddb1 was well rescued by overexpression of UAS-ddb1 driven by ubiquitous driver tub-Gal4 or NSC-specific driver insc-Gal4 (Fig 1B-1D ). None of these ddb1 NSCs expressing DDB1 showed a cellular extension (tub-Gal4 driver, n = 10, t = 985; insc-Gal4 driver, n = 11, t = 1,084). In addition, 99.7% (tub-Gal4 driver, n = 18, t = 1,049) and 94.3% (insc-Gal4 driver, n = 8, t = 331) were positive for EdU (Fig 1B-1D ). In addition, the number of mitotic cells that are positive for phospho-Histone H3 (PH3) was greatly reduced in the ddb1 HK-2-3 mutant compared to that in WT (Fig 1E and 1F ; WT: 21.0%, n = 20, t = 1,677; ddb1 : 12.8%, n = 20, t = 1,660). At 96 h ALH, the small brain phenotype was largely rescued by overexpression of DDB1 driven by tub-Gal4 (Fig 1G and 1H ; WT, 4.8 ± 1.1 × 10 6 μm 3 , n = 13; ddb1 , 0.3 ± 0.1 × , n = 15). The defects in NSC reactivation is a likely cause of the reduced central brain size in ddb1 compared with that in WT. As the entire brain lobe of ddb1 is smaller than that of the control, it is likely that DDB1 is also required for the development of the optic lobes. Moreover, we generated an anti-DDB1 antibody against the C terminus of DDB1. DDB1 consistently showed predominant nuclear staining in WT larval brains, which were also enriched in Mira + NSCs (S1B Fig) . By contrast, DDB1 was greatly diminished in ddb1 homozygous brains, especially in NSCs (S1B Fig), suggesting that ddb1 HK-2-3 was a strong lossof-function allele. To further investigate the role of DDB1 during NSC reactivation, we carried out timecourse experiments in ddb1 HK-2-3 and a null allele, ddb1 5-1 [24] . In WT larval brains at 24 h ALH, 90.1% (n = 8, t = 495) of NSCs incorporated EdU, and only 7.6% (n = 7, t = 463) of NSCs still retained the cellular process (Fig 1I-1K ). By contrast, in ddb1 mutants at 24 h ALH, only 21.5% (ddb1
HK-2-3
: n = 10, t = 183) and 33.5% (ddb1
5-1
: n = 7, t = 221) of NSCs incorporated EdU; and 31.6% (ddb1 HK- [2] [3] : n = 17, t = 1,008) and 28.4% (ddb1
: n = 16, t = 722) of NSCs still retained cellular process (Fig 1I-1K ). Although at 48 h ALH and 72 h ALH almost all WT NSCs were reactivated, there were still significant numbers of NSCs from ddb1 HK-2-3 and ddb1 5-1 that remained in quiescence, as indicated by the lack of EdU incorporation and by the presence of the cellular process (Fig 1I-1K) . Overall, the time-course experiment indicates that DDB1 is essential for NSCs to exit from quiescence. Moreover, quiescent NSCs were observed upon knockdown of ddb1 RNA interference (RNAi) (Vienna Drosophila Resource Center [VDRC]#44974) driven by insc-Gal4 at 24 h ALH (S1C-S1F Fig) , albeit with weaker phenotypes than in the ddb1 HK-2-3 allele. The quiescent phenotypes could be fully rescued by overexpression of an RNAi-resistant UAS-ddb1 construct expressed in NSCs at 96 h ALH (S1G-S1I Fig) . At 96 h ALH, upon knocking down ddb1 by a glial-driver repo-Gal4, no defects in NSC reactivation were observed (S1J-S1L Fig) , further supporting the intrinsic requirement of DDB1 during NSC reactivation. At 0 h ALH, DDB1 was also detected in the nucleus of quiescent Dpn + NSCs, but with similar intensity with surrounding cells (S1M Fig) . This is different from strong DDB1 observed at 96 h ALH (S1B Fig), suggesting that DDB1 might be up-regulated in reactivated NSCs. Taken together, these observations indicate that DDB1 is an intrinsic regulator of NSC reactivation.
Cul4, the scaffold of CRL4 E3, and its ubiquitin ligase activity are required for NSC reactivation Scaffold Cul4 is another core component of the CRL4 E3, and it directly binds to DDB1 [20, 21] . To investigate the function of Cul4 during NSC reactivation, we examined homozygous mutant brains of cul4 G1-3 and cul4
JJ11
, two null alleles of cul4 [24] . At 24 h ALH, there were significantly fewer EdU + NSCs in cul4 G1-3 and cul4 JJ11 mutants compared with stagematched WT (Fig 2A and 2B ; WT, 95.2%, n = 9, t = 437; cul4 G1-3 , 15.4%, n = 12, t = 429; cul4 JJ11 , 11.7%, n = 13, t = 502). Similarly, 31.2% (n = 16, t = 694) and 26.3% (n = 8, t = 543) of NSCs extended a cellular process in cul4 G1-3 and cul4 JJ11 mutants, compared with only 6.1% of NSCs (n = 9, t = 543) of WT brain lobes (Fig 2C and 2D ). The proportion of mitotic NSCs marked by PH3 was also significantly decreased in cul4 G1-3 and cul4 JJ11 mutants compared with WT (Fig 2E and 2F ; WT, 18.5%, n = 9, t = 620; cul4 G1-3 , 5.5%, n = 11, t = 566; cul4 JJ11 , 5.5%, n = 8, t = 543). Moreover, at 24 h ALH upon knockdown of cul4 by two different RNAi of brain lobe volume in (G). (I) EdU incorporation of NSCs in WT, ddb1 , and ddb1
5-1 at 24 h, 48 h, and 72 h ALH. (J-K) Quantification of Dpn + Mira + NSCs that are EdU + (J) or that display cellular process (K) in various genotypes at indicated time points. For (J), at 48 h ALH, WT: n = 8 brain lobes, total NSCs t = 325; ddb1 : n = 7, t = 200; ddb1 : n = 20, t = 713; At 72 h ALH, WT: n = 17, t = 672; ddb1 : n = 6, t = 194; ddb1 : n = 11, t = 597. For (K), at 48 h ALH, WT: n = 8, t = 433; ddb1 : n = 13, t = 766; ddb1 : n = 10, t = 389. At 72 h ALH, WT: n = 21, t = 1,506; ddb1 : n = 10, t = 855; ddb1 : n = 6, t = 236. Data are presented as mean ± SD.
���� for P � 0.0001. Yellow arrows, EdU + or PH3-positive NSCs. White arrows, NSCs without EdU or with a cellular process. Arrowheads, cellular process of quiescent NSCs. Scale bars: 10 μm (B, E, I) and 100 μm (G). n, number of brain lobes; t, total number of NSCs. The data underlying this figure can be found in S1 Data. ALH, after larval hatching; CRL4, Cullin4-RING ligase; DDB1, damaged DNA-binding protein 1; Dpn, Deadpan; EdU, 5-ethynyl-2 0 -deoxyuridine; Mira, Miranda; ns, statistically nonsignificant; NSC, neural stem cell; PH3, phospho-Histone H3; UAS, upstream activating sequence; WT, wild type.
https://doi.org/10.1371/journal.pbio.3000276.g001 G1-3 , and cul4
JJ11 homozygous mutants at 24 h ALH were labeled with Dpn, Mira, and EdU (A); Dpn and Mira (C); or Dpn, Mira, and PH3 (E). Quantifications in (A, C, E) were shown in (B), (D), and (F), respectively. (G-L) At 24 h ALH, larval brains in control (β-gal RNAi ), cul4
RNAi1 (VDRC#105668), and cul4 RNAi2 (VDRC#44829) under insc-Gal4; UAS-Dcr2 were labeled with Dpn, Mira, and EdU (G); Dpn and Mira (I); or Dpn, Mira, and PH3 (K). Quantifications in (G, I, K) were shown in (H), (J), and (L), respectively. In (H), control: n = 8 brain lobes, total NSCs t = 405; cul4
RNAi1
, n = 14, t = 606; cul4
RNAi2
: n = 13, t = 538. In (J), control: n = 7, t = 562; cul4
RNAi1
, n = 8, t = 530; cul4
RNAi2
: n = 5, t = 290. Data are presented as mean ± SD.
���� for P � 0. (Fig 2M and 2N) . The quiescent NSC phenotype of cul4 G1-3 and cul4 JJ11 was completely rescued by overexpression of UAS-cul4 transgene (Fig 2M and 2N ; n = 105 and n = 69). By contrast, overexpression of UAS-Cul4 KR failed to rescue the quiescent NSC phenotypes of cul4 G1-3 and cul4
JJ11
, as indicated by 3.7% (n = 27) and 3.2% (n = 31) EdU + NSCs, respectively (Fig 2M   and 2N ). These results suggested that Cul4 neddylation and, in turn, the ubiquitin ligase activity of CRL4 E3 are essential for NSC proliferation.
DDB1 likely functions downstream of InR pathway during NSC reactivation
We next tested whether DDB1 is required for premature reactivation induced by overactivation of InR signaling pathway. Similar to previous reports [10, 11] , n = 16, t = 1,242) and 27.1% (mahj RNAi2 , n = 7, t = 575) (S3A and S3B Fig) . Consistently, EdU incorporation by NSCs was reduced to 63.3% (n = 8, t = 478) and 75.1% (n = 16, t = 834) upon mahj RNAi knockdown, whereas there were 96.6% (n = 7, t = 377) EdU + NSCs in the control (S3C and S3D Fig) . In addition, the percentage of mitotic PH3 + NSCs was also reduced significantly to 7.2% (n = 7, t = 500) in mahj RNAi1 and 9.1% (n = 7, t = 575) in mahj RNAi2 , compared with 20.6% (n = 6, t = 444) in control (S3E and
S3F Fig).
To further investigate the roles of Mahj in NSC reactivation, we examined a loss-of-function allele, mahj 1 , that was previously generated by imprecise P-element excision [36] . In a time-course experiment, at 24 h ALH 93.6% (n = 7, t = 238) of WT NSCs incorporated EdU (Fig 3A and 3C ). However, only 18.9% (n = 12, t = 401) of mahj 1 NSCs were EdU + (Fig 3A and   3C ). At 48 h ALH, whereas 98.8% (n = 9, t = 310) of WT NSCs were EdU + , only 59.6% (n = 22, t = 748) of mahj 1 NSCs incorporated EdU (Fig 3A and 3C) . By 72 h ALH, most NSCs of mahj 1 NSCs eventually became EdU + (Fig 3A and 3C ; mahj 1 , 91.0%, n = 9, t = 485 compared with WT, 100%, n = 13, t = 437). Next, we examined the cellular extension in mahj 1 quiescent
NSCs. At 24 h ALH and 48 h ALH, 5.5% (n = 6, t = 251) and 2.1% (n = 5, t = 186) of WT NSCs displayed cellular extension(s), and none of them retained any cellular extension by 72 h ALH (n = 18, t = 617) (Fig 3B and 3D ). By contrast, in mahj 1 brains there was a much higher proportion of Dpn + Mira + NSCs that retained cellular processes: 40.0% (n = 9, t = 401) at 24 h ALH, 29.4% (n = 10, t = 486) at 48 h ALH, and 7.8% (n = 14, t = 1,013) at 72 h ALH, respectively ( Fig  3B and 3D ). We generated a specific anti-Mahj antibody and found that Mahj was nuclear in most WT brain cells and was enriched in NSCs (S3G Fig . Although we cannot exclude the possibility that NSC reactivation defects are partially due to reduced NSC numbers and that reactivation of a specific class of NSCs is affected in ddb1 − , cul4 − , and mahj − mutants, the severe EdU incorporation defects in these mutants cannot be solely explained by reduced NSC numbers.
Mahj overexpression leads to premature reactivation of NSCs
Since loss of mahj resulted in delayed NSC reactivation, we wondered whether overexpression of Mahj would be sufficient to induce premature NSC reactivation. At 6 h ALH, overexpression of full-length Mahj (UAS-Mahj) driven by insc-Gal4 resulted in significantly more Dpn + Mira + NSCs with EdU incorporation than in the control: 66.2% (n = 7, t = 312) of NSCs with Mahj overexpression were EdU + compared with 39.7% (n = 12, t = 574) in control brains ( Fig   3G and 3H ). In addition, at 6 h ALH, whereas 30.3% of control NSCs (n = 8, t = 534) displayed a cellular process, only 14.8% of Mahj-overexpressing NSCs (n = 11, t = 753) retained a cellular extension (Fig 3I and 3J) . Moreover, Mahj overexpression resulted in an increased population of mitotic NSCs marked by PH3: 12.3% (n = 13, t = 899) PH3 + NSCs upon Mahj overexpression compared with 4.7% (n = 10, t = 683) in the control (Fig 3K and 3L ). Taken together, these observations indicate that Mahj is both necessary and sufficient for NSC reactivation in the presence of nutrition. (Fig 4B) . The LisH motif of HsDCAF1 is responsible for the dimerization of DCAF1 [37] , whereas the HLH motif and WD40 domain are important for the binding of DCAF1 to DDB1 [38] [39] [40] . From our homology model of the DmMahj-DmDDB1 complex, which was generated from the published crystal structure of the HsDCAF1-HsDDB1 complex (Protein Data Bank [PDB] 5JK7 [39] ), Mahj likely uses its HLH motif and WD40 domain to interact with DDB1 (S4A- S4C Fig) . To test if HLH motif and WD40 domain are indeed essential for Mahj interaction with DDB1, we generated various truncated forms of Mahj (Fig 4B) and tested their ability to physically associate with DDB1 in co-IP experiments. Like full-length Myc-tagged Mahj (Mahj FL ), Myc-Mahj C-term (1,096-1,544 aa, containing the HLH motif, WD40 domain, and acidic region) and Myc-Mahj HLH+WD40 (1,096-1,447 aa, containing the HLH motif and WD40 domain) were able to associate with Venus-DDB1 in co-IPs (Fig 4C) . By contrast, the association between Venus-DDB1 and Myc-Mahj N-term that lacked the HLH motif and WD40 domain was strongly diminished (Fig 4C) . These results indicate that the HLH motif and WD40 domain of Mahj are critical for Mahj interaction with DDB1. In HsDCAF1, R1053 and R1507 in the HLH motif and R1247 and R1283 in the WD40 domain are critical for binding to HsDDB1 [38, 39] . We generated two mutant forms of Mahj at the sites of conserved arginine residues (R1120/R1123 and R1307/R1343, based on our alignment of Mahj with DCAF1 and a homology model of Mahj complexed with DDB1) by mutating the residues to glutamate (R1120/1123E) or alanine (R1307/1343A) (the sites of mutation are shown in Fig 4B and S4A-S4C Fig) . The mutants were tested for their ability to associate with DDB1. As expected, in the co-IP experiments in S2 cells, both pairs of mutated residues strongly reduced the interactions between DDB1 and Mahj (Fig 4C) . The disruption of these interactions was unlikely to be due to a major conformational change of the mutant proteins, as the mutated residues were located at the interaction surface between DDB1 and Mahj in the homology model (S4A-S4C Fig) . Indeed, Flag-Wts was detected in the immune complex when Myc-Mahj was immunoprecipitated from S2 cells ( Fig  4D) . Consistently, Myc-Mahj was also specifically detected in the immune complex with FlagWts in a reciprocal co-IP (Fig 4D) . These results indicate that Mahj can interact with Wts in vitro.
Besides binding to HsDDB1, the WD40 domain of HsDCAF1 is also critical for interaction with substrates [38, 40] These results indicate that the C-terminal fragment containing the kinase domain of Wts is critical for its interaction with Mahj.
Wts physically associates with DDB1 and Cul4
To investigate whether Wts is a potential substrate of CRL4 Mahj E3 ligase, we tested whether the adaptor DDB1 and the scaffold Cul4 of CRL4 could physically associate with Wts. We found that both Myc-Wts and HA-Mahj C-term were detected in the immune complex following IP of Venus-DDB1 in S2 cells (Fig 5A) . We did not detect a consistent association of Wts and DDB1 without ectopic expression of HA-Mahj C-term (S5A Fig). Likewise, Flag-Cul4 was found in the same immune complex with Myc-Wts, Venus-DDB1, and HA-Mahj C-term when HA-Mahj C-term was expressed (Fig 5B) . These observations suggest that Wts physically associates with both DDB1 and Cul4, likely through interactions with Mahj. To further validate the physical association between Wts and different subunits of CRL4 Mahj , we performed a proximity ligation assay (PLA) in situ. In the PLA, DNA-conjugated antibodies binding to two target proteins in close proximity can result in fluorescent foci produced as a result of specifically amplified DNA products [41] . The interaction between two proteins can be reliably assessed by quantifying the PLA fluorescent foci in cells coexpressing both ���� for P � 0.0001. The data underlying this figure can be found in S1 Data. CRL4, Cullin4-RING ligase; Cul4, Cullin4; DDB1, damaged DNA-binding protein 1; GFP, green fluorescent protein; HA, hemagglutinin; HRP, horseradish peroxidase; IP, immunoprecipitation; Mahj, Mahjong; ns, statistically nonsignificant; ROD, relative of density; Wts, Warts. 
Mahj promotes the ubiquitination of Wts
CRL4 Mahj down-regulates Wts to promote NSC reactivation
To seek further evidence that Mahj and DDB1 function together in regulating NSC reactivation, we examined whether mahj depletion could aggravate NSC reactivation defects observed upon ddb1 depletion. Whereas 97.2% of control NSCs (n = 7, t = 374) were positive for EdU, 84.7% (n = 9, t = 575) of ddb1 RNAi and 81.5% (n = 8, t = 517) of mahj RNAi controls incorporated EdU (Fig 6A and 6B) . Upon simultaneous knockdown of mahj and ddb1 by RNAi driven by insc-Gal4 driver, only 37.0% (n = 11, t = 499) of NSCs were EdU + (Fig 6A and 6B) , suggesting genetic enhancement between mahj and ddb1. Moreover, significantly more NSCs displaying a cellular process were observed in codepleted mahj and ddb1 brains than in those of either ddb1 or mahj knockdown (Fig 6A and 6C ). These observations suggest that Mahj and DDB1 likely function in the same protein complex to promote NSC reactivation. If CRL4 Mahj ubiquitinates and inhibits Wts to promote NSC reactivation, RNAi-mediated knockdown of wts should alleviate NSC reactivation defects induced by mahj depletion. Indeed, upon wts knockdown by the insc-Gal4 driver, 98.8% (n = 13, t = 817) of NSCs were positive for EdU, comparable to that of the control brains (95.3%, n = 6, t = 357) (Fig 6D and  6E) . Whereas only 77.8% (n = 6, t = 402) of NSCs in mahj knockdown were EdU + at 24 h ALH, upon simultaneous knockdown of both mahj and wts by insc-Gal4, 97.1% (n = 14, t = 1,008) of NSCs incorporated EdU (Fig 6D and 6E) . Similarly, codepletion of mahj and wts resulted in fewer cellular process-retaining NSCs compared with that of mahj RNAi alone ( Fig  6F; control: 3.1%, n = 6, t = 437; wts RNAi control: 4.1%, n = 10, t = 786; mahj RNAi : 12.7%, n = 11, t = 959; mahj RNAi + wts RNAi : 5.1%, n = 10, t = 739). These data suggest that wts knockdown significantly suppresses NSC reactivation defects observed in mahj RNAi brains. To maintain NSC quiescence, Wts phosphorylates and inactivates the transcriptional coactivator Yki to turn off expressions from Yki target genes [17, 18] . Similar to wts knockdown, overexpression of a constitutively active form of Yki (Yki S168A ) [42] , which is insensitive to Wtsmediated phosphorylation and inactivation, significantly suppressed NSC reactivation defects observed in mahj RNAi brains (Fig 6G-6I) . Whereas 79.2% (n = 7, t = 518) EdU + NSCs and 14.6% (n = 12, t = 965) NSCs with a cellular process were observed in mahj RNAi control, upon Yki S168A overexpression in mahj RNAi background, 96.4% (n = 13, t = 900) NSCs incorporated EdU + , and only 3.8% (n = 10, t = 634) of NSCs retained a cellular process (Fig 6G-6I) . Furthermore, wts knockdown or overexpression of Yki S168A could similarly alleviate the quiescent NSC phenotypes observed in ddb1 or cul4 knockdown (S6 Fig) . Consistent with these observations, nuclear Yki localization in ddb1 HK2-3 (15.6% with nuclear Yki, n = 10 brain lobes), cul4 JJ11 (11.8%, n = 9), and mahj 1 (21%, n = 11) was dramatically diminished in NSCs, compared with that in the WT control (Fig 6J and 6K ; 89.2%, n = 10). Thus, these analyses support our conclusion that CRL4 Mahj promotes ubiquitination and down-regulation of Wts, thereby leading to the activation of Yki for NSC reactivation (Fig 6L) .
Discussion
Here, we demonstrate a novel role of an E3 ligase CRL4 Mahj consisting of two core subunits, namely DDB1 and Cul4, and a substrate-binding subunit Mahj during NSC reactivation.
Whereas mahj loss of function results in a failure of NSCs reactivation, Mahj overexpression leads to premature reactivation of NSCs in the presence of dietary amino acids. Therefore, Mahj is both necessary and sufficient to promote NSC reactivation. Moreover, we show that CRL4 Mahj forms a protein complex with Wts, a core kinase of the evolutionarily conserved
Hippo pathway that maintains NSC quiescence. Furthermore, Mahj promotes the ubiquitination of Wts. Lastly, loss of wts or overexpression of the constitutively active Yki largely rescues NSC reactivation defects resulting from depletion of various major components of CRL4 Mahj .
In summary, CRL4 Mahj complex targets its substrate Wts for ubiquitination and degradation to trigger NSC reactivation. Although CRL4 E3s have diverse functions in DNA replication, cell cycle progression, and proliferation, CRL4's function in Drosophila brain development was previously unknown. This study, for the first time (to our knowledge), elucidates the critical role of the Drosophila CRL4 E3 ligase in promoting NSC reactivation. Our finding is consistent with an earlier report that DDB1 deletion in the mouse brain leads to apoptosis of proliferating neural progenitor cells [43] . However, whether mouse DDB1 is required for proliferation/reactivation of these cells is unclear, as mouse DDB1 maintains viability and genomic integrity of dividing cells in the brain by its function in the DNA damage response [43] . In addition, human Cul4B is one of the most frequently mutated genes in X-linked mental retardation and cerebral malformations [31, 32] . However, how loss of function of Cul4B causes these neurodevelopmental disorders is not well established. Knockdown of Cul4B in rat neural progenitor cells leads to cell cycle arrest at the G2/M phase [44] , supporting our findings on the role of Drosophila Cul4 in promoting reactivation of NSCs. In this study, we demonstrated that Drosophila Cul4 in the complex with DDB1 is required for Drosophila NSC reactivation. We identified one underlying mechanism for Cul4 to promote NSC reactivation via inhibition of Hippo pathway. Future studies are warranted to determine if Cul4B also regulates behaviors of mammalian NSCs via a similar mechanism reported here.
Mahj, a substrate receptor of CRL4, was initially identified as a lethal giant larvae (Lgl)-binding protein that mediates cell competition in both Drosophila wing disc epithelium and mammalian cultured cells [36] . Our data indicate that Mahj plays a novel role in regulating NSC quiescence and reactivation: Mahj is both necessary and sufficient for promoting NSC reactivation. In contrast, neither DDB1 nor Cul4 overexpression resulted in premature NSC reactivation, suggesting that Mahj is a central component of CRL4 that regulates turnover of its substrates during NSC reactivation.
Hippo pathway plays a role in maintaining the quiescence of Drosophila NSCs [17, 18] . Similarly, the role of the vertebrate Hippo pathway in regulating NSC proliferation has been established [45, 46] . In the chick neural tube, overexpression of Yes-associated protein (YAP; an ortholog of Drosophila Yki) or inhibition of the upstream kinases of the Hippo pathway, such as LATS1/2 (orthologs of Drosophila Wts) and mammalian Ste20-like kinase (Mst)1/2 (orthologs of Drosophila Hippo) causes marked expansion of the NSC pool [46] . Mutations in genes encoding dachsous cadherin-related 1 (DCHS1) and FAT atypical cadherin 4 (FAT4), two activators of Hippo pathway, disrupt cerebral cortical development in human and mouse [45] . Therefore, the Hippo pathway plays an evolutionarily conserved role in maintaining quiescence and/or inhibiting proliferation of NSCs. Here, we show that down-regulation of the Hippo pathway core kinase Wts by the CRL4 Mahj E3 ligase complex triggers Drosophila NSC reactivation. Our results provide an in vivo regulatory mechanism of Hippo pathway during NSC quiescence and proliferation. In cancer cells, human CRL4 DCAF1 also binds to LATS1/2 and inhibits the proteins in the nucleus [47] . Given the conservation of both the CRL4 E3 ligase and the Hippo pathway, the same regulation might exist in mammalian brains during the transition of NSC quiescence to proliferation. Our finding does not exclude the possibility that CRL4 Mahj can also act on additional substrates besides Wts to regulate NSC reactivation.
The identification of the link between CRL4 and the Hippo pathway during the transition between NSC quiescence and reactivation could potentially open new strategies for the treatment of neurodevelopmental disorders by targeting the components of the Hippo pathway. Recently, it was reported that the majority of quiescent Drosophila NSCs are arrested at G2 with a minority of quiescent NSCs at G0 phase [9] , raising the importance of cell cycle progression during NSC reactivation. In addition to triggering NSC reactivation via cellular growth restriction [18] , Hippo pathway might also regulate cell cycle to maintain NSC quiescence. The Hippo pathway has been implicated in cell cycle regulation. Drosophila Wts and mammalian LATS1 interact with cell division cycle 2 (Cdc2) and Cyclin A, suggesting a role in G2/M transition [48] . The oncogene Yki also regulates the cell division cycle, and Cyclin E is one of its targets during the development of Drosophila wing imaginal discs [49] . In addition, Cul4 regulates both G1 progression and G2/M transition in both Drosophila and human cells [44] . By contrast, ddb1 RNAi in the eye imaginal discs induced an extra S phase in some cells that are normally postmitotic in the region more posterior to the morphogenetic furrow, which caused apoptosis of eye disc cells [50] . Therefore, DDB1 may have different functions in proliferation of imaginal discs and NSCs in the larval brain. Furthermore, DDB1 likely functions in both initial reactivation of NSCs and maintaining their proliferation. In contrast, mahj homozygous mutant larvae did not have any detectable morphological defects including the imaginal discs [36] . HsDCAF1 regulates G2/M transition [51] and cell cycle progression [52] . Future study is warranted to pinpoint the function of CRL4 and the Hippo pathway in cell cycle regulation during NSC reactivation in both Drosophila and mammalian brains.
Materials and methods
Fly stocks and genetics
The following fly stocks were used in this study: UAS-DDB1, UAS-DDB1
W197 (generated in this study), ddb1 were obtained from the VDRC. Df(2R) XE2900 (#108418) is from the Kyoto Drosophila Genomics and Genetic Resource.
NSC drivers included insc-Gal4 (BDSC#8751; 1407-Gal4) or insc-Gal4, tub-Gal80 ts . Glial driver was repo-Gal4 (BDSC# 7145). Ubiquitous driver was tub-Gal4 (BDSC#5138). UAS-Dcr2 (BDSC#24650) was used together with various RNAi stocks. ddb1 and mahj RNAi knockdown efficiency was verified by immunostaining of anti-DDB1 and anti-Mahj antibodies in larval brains.
All experiments with mutants were carried out at 25˚C, and experiments for RNAi knockdown or overexpression were performed at 29˚C.
Clonal analysis
MARCM clones were generated as previously described [33] . Briefly, larvae were heat shocked at 37˚C for 2 h shortly ALH and at 10-16 h after the first heat shock. Larvae were further aged for 3 d at 25˚C, and larval brains were dissected and processed for immunohistochemistry.
EdU incorporation analysis
Larvae were fed with food containing 2% (0.2 mM) EdU from Click-iT EdU Imaging Kits (Invitrogen) for 4 h before dissection. The dissected larval brains were fixed with 4% EMgrade formaldehyde for 22 min, followed by three washes with 0.3% PBST, and blocked with 3% BSA in PBST for 30 min. Following blocking, detection of incorporated EdU by Alexa Fluor azide was according to the Click-iT EdU protocol (Invitrogen). The brains were then washed briefly twice and blocked with 3% BSA again for 20 min and subjected to immunohistochemistry.
Generation of transgenic flies
UAS-DDB1, UAS-DDB1
RNAi-Res , UAS-Myc-Mahj, UAS-Myc-Mahj R1120/1123E transgenic flies were generated by P-element-mediated transformation (BestGene).
PLA
PLA was performed on S2 cells that were transfected with the indicated plasmids using Effectene Transfection Reagent (QIAGEN). Cells (5 × 10 4 per well) were seeded into 8-well chamber slides (Lab-Tek, Cat# 154941). The plasmids used were control Myc [53] , control Flag [53] , Flag-Wts, and Myc-Mahj, Myc-DDB1, and Myc-Cul4 with 50 ng of each plasmid per sample. Forty-eight hours after transfection, S2 cells were rinsed once with cold PBS, fixed with 4% formaldehyde in PBS for 15 min, and blocked in 5% BSA in PBST (0.1% Triton-X100) for 45 min. Cells were then incubated with primary antibodies (rabbit anti-Flag, 1:1,000; Sigma, Cat #7425; and mouse anti-Myc 1:1,000, Abcam Cat# ab32) at RT for 2 h before proceeding with Duolink PLA (Sigma-Aldrich) as described previously [53] .
Statistics
Statistical analysis was performed on GraphPad Prism 6. Unpaired two-tail t tests were used for comparison of two groups and one-way ANOVA for comparison of more than two samples. In ANOVA, Dunnett's or Tukey's post hoc test was used to obtain the P values for each pairwise comparison. A value of P < 0.05 was considered statistically significant. All the data are shown as mean ± SD. In this work, ns (statistically nonsignificant) indicates P > 0.05, � indicates P � 0.05, �� indicates P � 0.01, ��� indicates P � 0.001, and ���� indicates P � 0.0001. Comparisons are with WT control, unless otherwise indicated by a line between two genotypes. All experiments were performed with a minimum of two repeats in total.
Supporting information S1 Fig. Related to Fig 1. DDB1 functions intrinsically Fig. Related to Fig 3. mahj loss of ���� for P � 0.0001, ��� for P � 0.001, �� for P � 0.01, � for P � 0.05, and ns for P > 0.05. Scale bars: 10 μm. The data underlying this figure can be found in S1 Data. ALH, after larval hatching; BDSC, Bloomington Drosophila Stock Center; cul4, Cullin 4; Dac, dachshund; Dcr2, Dicer 2; ddb1, damaged DNA-binding protein 1; Dpn, Deadpan; EdU, 5-ethynyl-2 0 -deoxyuridine; GFP, green fluorescent protein; Mahj, Mahjong; MB, mushroom body; Mira, Miranda; ns, statistically nonsignificant; NSC, neural stem cell; PH3, phospho-Histone H3; ROD, relative of density; UAS, upstream activating sequence; VDRC, Vienna Drosophila Resource Center; WT, wild type. 
